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SUMMARY /

This report describes work done in attempting to esti-
mate the shadowing effect of the feed support on the secon-
dary radiation pattern of the 210 ft., diameter paraboloidal
reflector aerial at Parkes, Australia. The secondary pattern
was calculated using the approximate Kirchhoff scalar
diffraction theory applied to the reflector aperture distrib-
ution.

The feed support tripod was represented by three
triangular shaped legs assumed to be lying in the plane of
the aperture. An optical experiment to obtain and photograph
diffraction patterns of similarly obstructed apertures was
used to check the calculated pattern. The secondary
radiation pattern of the aerial itself was measured at a
wavelength of 75 cm using the sun (for the outer sidelobes)
and Taurus A (for the inner sidelobes) as sources. The
calculated and measured patterns were then compared and the
effects of other factors neglected in the theoretical

calculation were estimated.
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1, Introduction to the Theoretical Calculation of the

Secondary Pattern

The radiation pattern of an aerial should be calculated

from Maxwell's equations using the electromagnetic boundary

conditions, In this case the aerial consists of a 210 ft,

£
0

diameter paraboloidal reflector and a primary feed, so that
the total field, considering the aerial as a transmitter,
would consist of the superposition of the scattered fields
from the reflector and the primary feed. It is also possible
to calculate the radiation pattern from the reflector
aperture field distribution [1]. Normally, it is necessary
to specify the aperture field in terms of its polarization,
amplitude and phase, However, by making suitable approxim-
ations the electromagnetic field equations may be reduced
to a scalar diffraction integral, and as we are only inter-
ested in the far field, or Fraunhofer region, this integral
becomes the Kirchhoff scalar diffraction integral [21].

The approximations it is necessary to make to use the
scalar theory are: (i) that the aperture field is linearly
polarized and consequently that little power goes into the
cross polarized component, {(ii) that the diameter of the
aperture is very large compared to the wavelength, (iii) that
the aperture is illuminated with a plane parallel wave, this

implies that the reflector is in the far field of the
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primary feed, The far zone field, at a point P , is then

given by [11]1;

4

. s Jk.e..?.
u(p) = Eg% e~ IkT [ F(A)e (n*s+n°r)dA (1)

?

where k

"
o

R = distance from the origin to the point P

r is a unit vector in the direction of R

n is a unit vector normal to the plane of the
aperture

p is a vector from the origin of the co-ordinate

system to the element of area dA in the
aperture

F(A) is the amplitude distribution over the aperture

o

is a unit vector along a ray through the

aperture,

In addition to the above approximations, we have
n*r is constant over the aperture and equal to cos ¢ ,
where 6 1is the angle between the normal to the aperture
and the direction r . Also nes = 1 , but only if the
phase distribution is constant; this is why the reflector
needs to be in the far field of the primary feed so that
after geometric reflection of the radiation from the feed,

the aperture is illuminated by a plane wave parallel to the
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aperture, If the reflector is not in the far field of the
reflector, phase errors will be introduced across the aper-
ture, Thus equation (1) now becomes:

-3jkR jkp*r

e (1l+cos e)f F(A)e ~— ~ dA . (2)
A

U.(p) = E?r

ol =

If the aperture lies in the x-y plane of a cartesian
co~ordinate system, then eqn. (2) may be expressed:

U(e’¢) = T}J-,;—}];‘ e

-jkR jk(xcos¢+ysing)sine

(l+cos 6) f! F(x,y)e dxdy

Aperture (3)

where p = x cos ¢ + y sin ¢
and @ , ¢ are the conventional spherical co-ordinates of
the point P ,

For large apertures almost all the energy is concen-
trated in the region of very small 6 so that the variation
in cos 6 is usually neglected. If the aperture is circular
in shape, then the origin of the co-ordinate system will be
at the centre of the aperture and polar co-ordinates
(ry¢') will be used in the plane of the aperture.

Let P4

r cos ¢!

y r sin ¢' 4, then dxdy = rdrdé¢'

and eqn. (3) becomes,
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jkrsin @ cos(¢=-0"')
u(o,¢) = F(ry¢"de rdrd¢' . (4)

0 0

The constant in front of the integral has been omitted as we
are only interested in the relative intensity of the
diffraction pattern.

In both equations (3) and (4) the exponents
k(xcosé+ysin ¢)sin 6 and krsin 6cos(¢-¢') represent the
phase difference between a ray from an element of area in the
aperture and a ray from the reference point, which is the
origin of the co-ordinate system, the rays being in a
direction 6 to the normal of the aperture. Thus the far
field pattern, obtained from scalar diffraction theory, is
calculated by adding up all the elements of the aperture in

amplitude and phase in the required direction (0,¢)
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2, Theoretical Calculation of the Secondary Radiation Pattern

The paraboloidal reflector aerial at Parkes has a
tripod structure to support the aerial cabin from which the
feed is suspended., This tripod structure, which consists of
steel lattice work about 2'6" wide and 4'0" deep, will modi-
fy the secondary radiation pattern of the aerial due to
shadowing, scattering and diffraction effects, Although the
tripod legs are metal and would, in fact, conduct and re-
radiate energy as well as shadowing the aperture, it has
been assumed that they represent only blocking or absorbing
screens over the aperture,

An attempt has been made to estimate the effect on
the secondary pattern of the aperture blocking by the tripod
structure by making a number of approximations and assump-

tions as listed below:

(1) Since the diameter of the reflector aperture is much
larger than the wavelength, it has been assumed that

the Kirchhoff scalar diffraction theory may be used.

(ii) It is assumed that the tripod lecgs lie in the plane
of the aperture and extend to the edge of the aperture.
Although the shape of the legs is rectangular, they

are assumed to be triangular for the calculation.



b

(iii) The aerial cabin, from which the feed is suspended, is

assumed to be circular in shape and to lie in the plane

of the aperture.

(iv) The aperture is assumed to be illuminated by uniform

plane parallel waves.,

These assumptions and approximations are, of course,

not strictly true. For the first assumption % = ?%ﬁ for
A= 20 cm and % = ]b for A =75 cm . These are very

much smaller ratios than for equivalent optical cases, where
the aperture diameter is usually some thousands of wave-
lengths in extent. Thus the approximate scalar diffraction
theory will not be as accurate for the aerial as it is for
an optical case.

It has already been pointed out that the represen-
tation of the tripod legs as purely absorbing screens is not
entirely correct due to the fact that they are conductors.
The shape of the tripod legs was assumed triangular to
simplify the diffraction integral limits. The aperture
distribution was made uniform to simplify the integration
itself, The effect of tapering the aperture distribution,
which is discussed later in this section, is usually to re-
duce the sidelobe level and broaden the width of the main

lobe while the general shape of the pattern remains the same.,



Diffraction integral

The following is an outline of the calculation of the

scalar diffraction pattern of a uniformly illuminated

circular aperture obstructed by three triangular shaped legs

and a circular central obstacle.

A diagram of the aperture and the co-ordinate system

is shown in Fig. 1.

The symbols are defined below,

a = radius of the central blocking portion,

o
]

radius of the aperture,

A = wavelength,

[+>]
1]

angle between the diffracted rays and the normal to
the aperture,

r,¢ = polar co-ordinates of the aperture,

p = % is the nocrmalized radius,
o = % 1s the relative radius of the central blocking
portion,
u = 2;b sin ® is the generalized radiation angle,
¥ = angular orientation of the diffraction pattern
relative to the reference direction,
y = half angular width of a triangular tripod leg,

The reference direction has been taken along the

centre of one of the tripod legs.



Reference leg

OC = poth difference between ray from the centre 0, ond o ray from the

element of area ot A

FIG. 1o

6(
rdy
A2 /%4
dp | Aq
I
Y l
/
o _ _‘\,4/4 = g - !
v d
»
»
W
The radius of the centre \
blocking portion is "a’. Reference
leg

FIG. 1b



t

B4

Following the theory in section 1 it is necessary to

t
I find the phase difference between rays from the element of
area at Al and rays from the centre of the aperture O .

From the figure:

Phagse diff between Al and 0 = 61 =z - %1 r cos ¢ sin 6

(5>
The expression for the contribution of the element
of area rdrd¢ at Al to the resultant amplitude of the

diffraction pattern is, from equation (4) of section 1 :

dal(r,¢) F(r,¢Je rdrdé

-j%} rcos¢sind
= lve rdrdé . (6)

I -j%; rcosésingd

F(ry¢) =1 for a uniformly illuminated aperture.
Similarly, the phase differences of rays from the

elements of area A2 and A3 from the centre 0 are :

- 27w 2my
52 = - rcos(o+t T)uln e

27

Y .
I 63 -5 rcos( o+ j—)51n 8 .

To obtain the resultant amplitude of diffraction
pattern it is necessary to add the contributions of the three

elements of area together. Taking the element of area at
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9.
Al as a reference, we get
§,=6 §,-8
dap = dal[1+e 271,81 ]
.3
jzuecos¢ /3
= [1+2e *cos(—~ upsin ¢)]dal . (7)

The elementary amplitudes may be added before inte-
gration, since the integral limits over the three similarly
shaped portions of the aperture can be made the same.

Thus from equation (7) the total amplitude from the

three areas is :

2
1 7; -y-y
=-jupcos¢ 3
aR(u,w) = c le e [1+2cos(3- upsin ¢) o
o =¥ty -j%upcos¢
‘e lpdpde¢

c f!{(cos[upcos¢]+cos[upsin(%+¢)]+cos[upsin(g—¢)])

-j(sin[upcos¢)-sin[upsin(%+¢)]-sin[upsin(% -4)D}

pded¢ (8)

where ¢ 1is a constant = b2 .

The intensity of the diffraction pattern will be
given by the product of the amplitude aR(u,w) and its com=-

plex conjugate a;(u,w) « Thus we obtain
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I(u,y) = aR(u,w) . a;(u,w)

and from equation (8)

3
I(u,y) = [c{ { {cos[upcos¢]+cos[upsin(¢+%)]+cos[upsin(% -6)1}
o1

~pty
pdpd¢]2
1 231 ~y=y
+ECI {sin[upcos¢]-sin[upsin(¢+%)]-sin[upsin(§ -¢)]}pdpd¢]2
Ul =Pty

The integrals IC and IS can be evaluated by sub-
stituting for coslx cos ¢] and sinfx cos ¢1 etec., in

terms of a series of Bessel functions.

coslxsin ¢ Jo(x)+2J2(x)cos 2¢+2Ju(x)cos Bo + 4 o .

"

coslxcos ¢1] Jo(x)—ZJz(x)cos 2¢+2Ju(x)cos B = o o &

sinlxsin ¢]

L 1]

2Jl(x)sin ¢+2J3(x)sin 36 + & 4

it

sinlxcos ¢1 2Jl(x)cos ¢—2J3(x)sin 30 + W . W

This enables the integration with respect to ¢ to be carried

out (see Appendix A.l). The result is :-
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[
(1]

1
c = Lée [ {Jo&p)[% -Y]+%J6(up)cosswsinsy— f%le(up)

g

colewsin127+...}pdp]2

—~
(]]

1
s [6c [ {%J3(Up)cos3wsin3y- %Jg(up)cosgwsingy-...}pdp]2
[0}

The integration with respect to p may now be carried out

using the following Bessel function relationships :

I ann_l(x)dx ann(x)

xJ (x)+2(n-1) ] J
r=0

f xJn_l(x)dx (x)

n+2pr+l

The final result of the integration is :-
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Jy(u)=aJ, (cu)
I(U,U)) = [GC{(% —y) 1 — 1l
J (uw-] J (ou)
J,(u)=0J,(ou) ) =
\ %[ 7 - 7 + 1pJE0 2748 g-o 2rt8  jcos6ysinby
u
J (-] J (ouw)
2 [Jlg(u)-oJls(UU) + gy D=0 2r+ll rsQ 2p+1l Jcos12ysinl?
z _ u2 oslZ2ysinlly
] J (w-] J (ou)
, 2 [Jlg(u)-chg(au) + 36 =0 2r+20 r=0 2r+20 ] 180sinls
2 _ u2 cosl8ysinl8y
S
J (-] J (ow)
J,(u)=0d (ou) Z =
+ [Gc{éc : ™ - + ¢ D20 2249 PEO R —Jcos3ysindy
u
J (wW-] ¢ (ow)
Jyna(u)=0d,~(ou) z =
_ %[ 10 - 10 .+ 1g D20 2r+1l PEO 2r*1l joos9ysindy
u
1 J (W-] J (ow
. ) [Jls(u)_chs(cu) . 30 r=0 2r+17 r=0 2r+17 Jcos15¥sinls
Z _ X osloysinlioy
o }]2 . (9)

It is not necessary to know the constant ¢ , since only the
relative amplitude of the diffraction pattern is required,
As a check on the calculation, put y = 0 and o = 0

then g (u) 2
]

I(u,y) = [2nc
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which is just the intensity of the Fraunhofer diffraction
patterns for an unobstructed circular aperture with uniform
aperture illumination.

Similarly, if y =0 and o # 0 , then

J (u)-oJl(cu) 2

I(u,y) = [2wc ]

u

which is the intensity of the Fraunhofer diffraction pattern
of a uniformly illuminated circular aperture with a central

disk of relative diameter ¢ .

Comments on the calculated pattern

From equation (9) the intensity In(u,w) of the

diffraction pattern was calculated for the following values:

y = 0, 159, 30°

u = 0 to 20 (corresponding to the first five
sidelobes)

Yy = 10°

g = 0,05 .

The value of y was deliberately chosen large to
emphasize the shadowing effect. The results of the calcul-
ations are shown in Figs. 2(a), (b) and (c).

The intensity has a rotational symmetry of 600, thus
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Intensity
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Generalized Radiation Angle u

Scalar diffraction pattern of a uniformly illuminated circular

aperture obstructed by three triangulor shaped legs.
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Intensity 1, (4,15°) db
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Scalar diffraction pattern of a uniformly illuminated circular

aperture obstructed by three triangular shaped legs.

FIG. 2b
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the pattern is split into six main parts even though there
are only three triangular legs obstructing the aperture,
There is also a mirror symmetry about directions which are

perpendicular and parallel to the directions of the legs

(i.e. for 90° or 3001 and ¢ = 0° or 60°),

These symmetries are easily seen in Fig. 2(d), which
is a diagram of the complete diffraction pattern for all
¥ 3 they can also be simply checked by examining the
variation of equation (9),

In order to compare the calculated diffraction patterns
with that of an unobstructed aperture, the diffraction
pattern of a uniformly illuminated unobstructed circular
aperture has been drawn in Fig., 2(e). The required intensity

is given from equation (9) with o = 0 and y = 0 i.e,

Jl(u) 2
I(u) = [27c = ]l . (9a)

The most noticeable effect of the shadowing is seen
in Fig. 2(e) for ¢ = 30° which also corresponds to a
direction perpendicular to a leg, At this position every
second sidelobe (or maxima) disappears and the odd numbered
sidelobes (or maxima), except the first, are greatly inten-
sified. This is seen clearly by comparing Fig. 2(c) with
the diffraction pattern of the unobstructed aperture in Fig.

2(e). Thus in the diagram of the complete pattern, Fig.2(d),
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the second maximum, is split up into six very distinct

separate parts. These peaks, which are more intense than
those of the unobstructed aperture, occur at § = 0° and
60° , that is in divections along and parallel to the
triangular legs,

It is expected that the main effect of the three
triangular obstructions would be along lines perpendicular
to them. This may be estimated by considering the diffraction
pattern of a slit. TFrom equation (3) the intensity of the
diffraction pattern for a slit in the x,y plane with uni-

form illumination is :

sin(%?sinecos¢) sin(%?sinesin¢) 2
I(e¢) = const{l =5 1}, (1o
jrsinecos¢ 7rsinacos¢

where 0 is the angle between the diffracted rays and the
normal to the aperture,
¢ is the polar co-ordinate, measured from the x axis,
to the direction of the diffracted rays,
a is the slit length parallel tc the x axis,

b is the slit length parallel to the y axis.

If b << a so that we have a slit parallel to the x axis
then, from eqn. (10), the diffraction pattern intensity

parallel to the x axis (¢=0) is :
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sin(%?sine) 2
Iy(e)¢=0 = constl — ] (1)

TSlne

and the intensity parallel to the y axis ($=90°) is

sin(%?sine) 2
IX(G)¢ = const[ﬁ?b ] . (12)

Ts:m@

Since a >> b , then for a given range of 6 the diffraction
pattern parallel to the x axis will consist of a series of
closely spaced parallel fringes moving out perpendicularly
to the slit; while that parallel to the y axis will consist
of a few widely spaced fringes moving out in a direction
along the slit, Thus we expect the main perturbing effect
of the three triangular obstructions to be along lines per-
pendicular to the direction of the longer dimensicn of the
obstructions.

By Babinet's principle, for Fraunhofer diffraction,
two complementary screens produce diffraction patterns of
equal intensities, so that a circular aperture with a single
obstructing wire along a diameter should produce a diffract-
ion pattern which is modified Dby a series of fringes moving
out at right angles to the wire, in the nature of a light

fan [31],

This effect is seen, as already mentioned, at right
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angles to the tripod legs. However, in this calculation the
tripod legs were approximated by triangularly shaped aperture
blockages. Thus the two sides of the aperture blockages are
not parallel as in the case of the slit mentioned above,

This causes a secondary splitting of the maxima about
directions perpendicular to the legs, which will now appear
at right angles to the triangular sides. The angle between
the triangular sides of each obstruction is small (= 2y =
20° in the calculated pattern), so that this secondary
splitting does not show up until about the fourth maxima of

the calculated pattern (see Fig, 2(d)),

Effect of tapering the aperture distribution

In practice, an aerial aperture is not uniformly
illuminated, unless absolute maximum gain is required be-
cause with a uniform aperture distribution the secondary
maxima (or sidelobes) are too high and may cause spurious

effects,

The Parkes aerial has a Gaussian tapered aperture

-1 uupz . . R
* , which means that the illumin-

distribution T(p) = e
ation at the edge is 12.5 db down on that at the centre of
the aperture,

The expression for the amplitude of the secondary

pattern, including the Gaussian aperture distribution, can




— —-— —_— -— T —— -_— - = - s - . N TS -

18.

be written down from eqn. (4) and is :

.

g(u,¢) = ¢

1 (2« —t92 jupcos(¢=-¢")
I f e e pd¢'dp (13)

0 O

where t is the magnitude of the Gaussian taper, and the
other symbocls have the same meaning as before.

The integral with respect to ¢' may be carried out
straight away as it is a standard form for the Bessel

function Jo(up) « So we get

1 =tp
g{u) = 2rc [ e Jo(up)pdp . (14)
0
The integral (14) cannot be evaluated exactly. However,
Doundoulakis and Gethin [4] have evaluated it in terms of a
convergent series of Bessel functions. Their result is:
© J_(u)

glu) = 2rc e ) (pytl B

LIS (15)
]
n=1l un

which converges for six to eight terms.

Equation (15) has been evaluated for t = l.ulk ,
which is the taper used on the dipole feeds for the Parkes
aerial., The result is plotted in Fig. 3(a).

In addition, the effect of the aperture blocking by

the aerial cabin has also been estimated for a Gaussian
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tapered aperture distribution. The aerial cabin was assumed
circular in shape and of radius o¢ relative to the aperture
radius. It was also assumed to be in the plane of the
aperture and to be situated at the centre of the aperture.

EQuation (14) now becomes

1,2
g(u) = 2wcf e~ tP Jo(up)pdp (16)
g
i ~t 2 S _¢ 2
= 2wcf e” P Jo(up)pdp - f e” P Jo(up)pdp}
0 0
2

to

Since o << 1 , the aperture distribution e~ over the

central obstruction may be considered constant and equal to

unity.
1 -t 2 Jl(ua)
e glu) = 2wc[ g~ P Jo(up)pdp - 27co =
0
o J_(u) J, (uo)
() = 2mele T Y (et AL Ay (17)
n u
n=1l u

The diffraction pattern of a circular aperture with a
Gaussian tapered aperture distribution and a central blockage
has been calculated using eqn. (17) and is shown in Fig.
3(b).

The table below compares the relative intensities of

the first five maxima (or sidelobes) for an aperture with
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(i) uniform illumination, (ii) Gaussian illumination and

(iii) Gaussian illumination with a small central aperture

blockage.
Maxima No., Relative Intensity of Maxima, db.
(i) Uniform (ii) Gaussian| (iii) Gaussian
. . Illumination Illumination with
I1llumination (e-l.uupQ) Aperture Blockage
1 -17.6 -27.0 -26.2
2 -23.8 ~31.5 -32.9
3 "28.0 -35.'4 ’33.5
4 -31.0 -38.1 -41,5
5 -33,6 -40,6 ~37.6

From the above table we see that the sidelcbe level
has been considerably reduced by the Gaussian tapered aper-
ture distribution. The effect of the central aperture block-
age has been to raise the first, third and fifth sidelobes
and to lower the even numbered ones., This is expected as in
the amplitude (g(u)) of the diffraction pattern, the odd
numbered sidelobes are 180° out of phase with the main beam,
while the even numbered sidelobes are in phase with it.,

The reduction in the sidelobe level by the Gaussian
tapered aperture distribution causes the main beam to broaden.
The half power (3 db) beamwidth for the uniformly and

Gaussian illuminated apertures are given below.
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Aperture Illumination 3 db Beamwidth
u (¢
(A=21 cm) (=75 conm)
Uniform 1.81 13,2! 47.0'
Gaussian 1.90 13,8 43,4t

Thus for only a very small increase in beamwidth the

relative level of the sidelobes may be greatly reduced by

using a Gaussian tapered aperture distribution,
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3. Optical Experiment

To check the diffraction pattern calculated for the
aperture obstructed by three triangularly shaped legs, an
optical experiment was carried out to observe and photograph
the Fraunhofer diffraction patterns of circular apertures
with similarly shaped obstructions. The diffraction pattern
of a circular aperture with three rectangularly shaped legs
was also observed to get a closer approximation to the
actual shape of the tripod legs.

An outline of the experiment is given in the follow-
ing., /4 diagram of the apparatus usad is shown in Fig. 4.
The light source consisted of a high pressure mercufy arc
lamp, which illuminated a small pin hole in a piece of
aluminium foil. The effective size of the pin hole was made
small by a microscope objective lens, which raduced the
light source to %ﬁ of the pin hele size. The light from the
reduced pin hole source was collimated by a 50 cm focal
length lens. The aperture for which the diffraction pattern
was required was placed between the collimating lens and
another 50 cm focal length lens used to bring the diffre v’
pattern to a focus. The pattern was examined wit \ .+gh
power microscope, which had a camera attachment to photo-
graph the magnified diffraction pattern.

In diffraction ¢xperiments it is essential that the
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point source of light should be much smaller than the central
spot of the diffraction pattern. The diameter of the rings
of the diffraction pattern are proportional to the focal
length of the lens and inversely proportional to the aperture
diameter. From calculations of the Fraunhofer pattern for a
uniformly illuminated circular aperture (see egn. (9~) and

Fig., 2(e)) the angular radius of the first dark ring (i.e.

the first minimum) is

and since 6 is very small we may write,

If the focussing lens has a focal length f then the dia-

meter (d) of the first dark ring is
d = 2fs .

If, in an attempt to increase the  pattern size, the aperture
diameter is decreased the intensity of the pattern is re-
duced as less light is available., Experimentally an aperture
diameter (D) of 6,0 mm was found to be the best compro-
mice between insufficient light intensity and a too small
size of the pattern, Using a 50 cm focussing lens this gave
the diameter of the first dark ring as 0,10 mm. The size of

the pin hole was 0,15 mm in diameter which, after the reduc-
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ing lens, became 0.015 mm in diameter. Hence the light source
was about % the size of the central spot of the diffraction
pattern. If thehole was made too small the intensity of the
light was again reduced,

Photographs of a number of different diffraction
patterns were taken., The aperture diameter/wavelength ratio

was not scaled to the actual physical size of the Parkes

aerial because :

(i) The diameter of the aperture would have to be too small,
which would make the intensity of the diffraction pattern

too low, Tor the Parkes aerial % = §%ﬁ for X = 21 cm
A

and 5 % for A = 75 cm, so that with direct scaling
for optical frequencies (X = 5.0x10° cm) this would

give aperture diameters of 0.15 mm and 0,045 mmn res-

pectively,

(ii) A scalar theory of diffraction has been used as an
approximation in the calculation of the pattern. The
pattern intensity is given by a series of Bessel funct-
ions whose argument is the dimensionless quantity
u = ;? sin @ , Thus the general configuration of the
pattern is not changed by changing the aperture
diameter, but the relative size of the pattern will

change,
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In the experiment the aperture consisted of a brass
plate with a circular hole in the centre, The obstructions
placed in front of the aperture consisted of wire for the
rectangularly shaéed legs and opaque material for the
triangularly shaped legs. The three legs for the triangu-
larly shaped tripod were cut from black exposed film in
order to get sharp edges. An attempt was made to construct
a complete photographic aperture. This was done by drawing
a large scale negative of the aperture and its obstruction
which was photographed to give the required aperture on the
film negative., However, this method prcved to be unsuccess-
ful due to irregularities in the film thickness, which gave
rise to phase differences across the apertures causing the
diffraction pattern to be changed.

The photographs shown in Fig, 5(b) are for the
rectangularly legged tripod obstruction and those in Fig,
5(c) and (d) are for the triangularly legged tripod ob=-
struction., Fig. 5(a) is for an obstruction consisting of
six equally spaced wires, it was included to compare with
the aperture obstructed with three equally spaced wires,

It should be noted that both produce six 'light fans' even
though for the wire tripod the wires do not extend right
across the aperture. In the photographs there are some

additional diffraction effects, due to dust particles and
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Aperture Dia 7.0mm.
Wire Thickness 0.025mm.
Light Source Dia. 0.020mm.

FiG. 5a.

Aperture Dia. 6.0mm.
Wire Thickness 0.025mm.
Light Source Dia. 0.015mm.

FI1G. 5b.
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Light Source Diameter 0.015mm.
Angular Width of Obstruction20°

FIG. 5c¢. FIG. bd.
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air bubbles in the lenses, which show up as small systems of
rings., It was not possible to eliminate these with the
present equipment. However, as the general qualitative
shapes of the diffraction patterns only were required, it
was felt that these small defects could be tolerated.

The photographs in Fig. 5(c) and (d) are for an
aperture of the same shape as that used for calculating the
diffraction pattern from eqn. (9), From a comparison of
these photographs with the sketch of the calculated pattern
(Fig. 2(d) it is seen that the same general features are
shown., In particular, it should be noted that the second
maximum is broken up into six separate and distinct maxima
and also that further out from the centre there are twelve
'1light fans'. These 'light fans' as previously explained in
section 2 are caused by the secondary splitting, due to the
fact that the tripod legs are not parallel sided (i.e.
rectangular) but triangular in shape. They occur of course
at right angles to the edges of the legs,

There is a very close ccrrespondence between the
calculated and experimental patterns over the first five
maxima, which is as far as the calculated pattern was drawn
out. The photographs (Fig. 5(c) and (d) clearly show the
disappearance of the even numbered maxima, together with the

intensifying of the third and fifth maxima in directions at
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right angles to the tripod legs, and that the secondary
splitting starts to occur at the fourth maximum, which was
all predicted by the calculation, The first maximum is not
markedly changed, but does show a slight intensifying at the
same angular positions as the six separate maxima of the
second bright ring (i,e. in directions along the tripod legs).,
Since it was not easily possible to calculate the
diffraction pattern for an aperture obstructed by rectang-
ularly shaped legs, the effect on the diffraction pattern
can be estimated, qualitatively, from this experiment. The
results should be reasonably reliable as good agreement was
obtained between the calculated and experimental patterns
for an aperture obstructed by a tripod with triangularly
shaped legs. The photographs in Fig, 5(b) are for a circular
aperture obstructed by a tripod with parallel sided legs, In
this case an attempt was made to scale the width of the
tripod legs to the same relative size as the legs on the
Parkes aerial because the 'light fan' width and intensity is
inversely proportional to the leg width, (See also the dis-
cussion of a slit in section 2).

From the photographs the dominant features are seen

to be :-

(i) that the second maximum is split up into six separate

peaks which are not as distinct as those for the
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triangularly shaped legs;

(ii) the six radial light fans which are perpendicular to
the direction of the legs, These light fans have sharp
maxima for the odd numbered maxima and nulls for the
even numbered maxima (of the unobstructed circular
aperture), However, the light fans are flanked on
either side by lower intensity fans in which the even
numbered maxima are enhanced and the odd numbered
naxima disappear. This latter effect is not shown
clearly on all the 1light fans, due to slight mis-
alignments of the tripod legs from being exactly
120° apart. Because the wavelength is so small,

A = 5,0x10™° cm , these misalignments need only be

very small to cause pattern distortion.

Other features of the pattern show that between the
intense light fans the normal diffraction rings of an unob-
structed circular aperture are broken up into small seg-
ments of relatively low intensity.

The light fans are quite intense and the relative
intensity of some of the outer maxima in them may be greater
than the intensity of inner maxima for an unobstructed
aperture, This is shown in the table Dbelow for the calcul-

ated pattern of an aperture obstructed by triangularly shaped
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legs. However, from the photographs it can be seen that the
relative intensities for the first five maxima should be

similar for the two different tripod cases.,

Maxima Relative Intensity for a Uniformly Illuminated
No. Circular Aperture

Unobstructed 3 Triangularly shaped
obstructions (¢ = 90%)

(db) (db)

1 -17.,6 -16.4

2 -23.8 -46,0

3 -28,0 -21.6

4 -31.0 -44,0

5 -33,6 -24,0

The table shows that the fifth maximum (along a light
fan) for the tripod structure is about 10 db above that for
the unobstructed aperture., As discussed in section 2, the
effect of tapering the aperture distribution will be to re-
duce the relative level of the sidelobes. However, the
comparison between the unobstructed and obstructed aperture
should still hold.

From these results it would appear that the secondary

radiation pattern of the Parkes aerial may exhibit a 60°
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radial symmetry and that there may exist six 'ribs' of re-
latively higher intensity.

For further photographs of diffraction patterns of
other apertures the reader is referred to the ;apers by
Scheiner and Hirayama [5] and Harris [6]. More recent
attempts at simulating the radiation patterns of aerials have
used lasers [7]. The laser presents a most intense beam of
coherent light and the increase in intensity allows small
apertures to be used, which facilitates scaling of the

aerial,
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4, Experimental Measurement of the Secondary Radiation Pattern

The secondary radiation pattern, or polar pattern, of
the Parkes aerial has been measured for X = 75 cm. The
method used was to cover an area of about 140 square degrees
{i,e. an area with an angular radius of about 7° from the
source used] around a strong radio source with a large number
of scans. At this wavelength the beamwidth is approximately
48' arc and the scans were taken at intervals of 15' arc, so
that there was considerable overlap between scans. The scans
were made in the form of a grid so that any particular scan
could be checked from another, which crossed it. The sun
was used as a source for the outer sidelobes because of its
great intensity. However, there are some difficulties and

disadvantages in using the sun becausej

(i) it is not a point source, in fact, at A = 75 cm it
will be a little larger than its optical size of 32!
arc [i.e. it will be about f% of a beamwidth widel.
This extended source will have a smoothing effect on
the pattern as it will fill in the minima and lower

and broaden the maxima.

(ii) It does not have a uniform brightness temperature
distribution (there is still some limb brightening at
A = 75 cm), nor does it have a constant temperature

from day to day, due to sunspot activity.
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(iii) It does not have a constant position in the sky re-
lative to the earth., This means that scans done on

different days have different sky backgrounds.,

Because of the sun's relatively large size it was not
possible to measure the first sidelobe. To do this, another
source, Taurs A, was used. Taurus A is only of 3,5' arc in
diameter but it is of course not nearly as s*trong as the sun.
The disadvantage in using Taurus is that it lies near the
galactic plane, so that at A = 75 cm the baseline of scans
through it slope quite steeply,

It is possible to correct for most of the above effects
to obtain a reasonable estimate of the secondary radiation
pattern, A brief outline of the experimental equipment and
procedure, together with the reduction of the results and

some comments on them, is given below.

Receiver and calibration

A block diagram of the conventional crystal mixer re-
ceiver used at Parkes is shown in Fig. 6(a). Its cperation
and performance are described by ilackey [8]. Since the sun's
temperature was variable, it was necessary to measure its
temperature with the aerial each day. The sun's temperature
at A = 75 cm is about 150,000°K with a variation of about

+ 10,000°K from day to day. Fortunately, there was no large
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sunspot activity when the scans were taken, however, slight
changes in the sun's temperature during the day may lead to
small errors in calibration, The arrangement of the 'front
end' of the receiver for measuring the sun's temperature is
shown in Fig. 6(c); a pad of approximately 36 db was placed
between the feed and the first part of the receiver, the post
detector level was then adjusted so that the sun was on scale
onn the record. A noise step of about 25°K was then applied
both when the aerial was off and on the sun to check for
receiver saturation.

The sun was used as a source for measuring the aerial
pattern from the second sidelobe outwards, so that the in-
tensity here would be at least 20 db down on that of the sun.
Fig. 6(b) shows a diagram of the receiver arrangement for
measuring the sidelobes., For maximum stability on low
signals the receiver should be approximately balanced, Thus
for very low signals (10° to 100°K) a receiver termination
immersed in liquid nitrogen would be used, and for high
signals (200° to 300°K) a room temperature termination would
be used for the receiver,

Instead of using noise steps of different magnitudes
to calibrate the receiver when used for sidelobe measurement,
it was found to be much more accurate to use an incremental

method (see Fig.6(d), This method involved adding a small
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noise step (usually about 10°K) to the receiver at different
receiver output levels, the differential increase in receiver
output was then measured and plotted against the total re-
ceiver level, By integration a calibration curve of temper-
ature against output deflection on the pen recorder chart was
obtained which takes into account any non-linearity and satur-
ation of the receiver,

If the aerial temperature of the sun = Tsa then,
since the sidelobe levels were measured with 3 db attenuation

between the feed and the receiver,the sidelobe level is given

2T
by G = 10log,, —220

sa

Hence for a given sidelobe level G db the scan

temperature will be

Tscan = E%Q antilog10 (f%) .
This scan temperature can then be converted to recorder de-
flection from the calibration curves. This enables chosen
sidelobe level contours to be drawn from the scans,

From a comparison of the calibration curves obtained
by the incremental method the maximum divergence appeared to
be less than 1 db, Thus a mean curve was used in the record
calibration so that the calibration accuracy should be less

than + 0.5 db,
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Record reduction

The calibration of the racords has been described in
the preceding paragraphs, however, the most difficult part
of the record reduction is in pletting out the scans relative
to the aerial as the centre of the co-ordinates. The scans,
when made, are in equatorial co-ordinates that is either in
right ascension (2), declination (8§), or a combination of
both. The equatorial co-ordinates are measured using the
earth's axis as a reference, but the Parkes aerial, of course,
sits on the surface of the earth and co~ordinates based on
the telescope as the reference point are referred to as
altazimuth co-ordinates. The relation between the equa-
torial and altazimuth co-ordinates is shown in Fig, 7(a), it
is drawn assuming the cbserver is outside both the earth and
the celestial sphere. Hence the right ascension will increase
eastwards (i.e., to the right in the figure) and the declin-
ation will increase northwards (upwards in the figure).

For the aerial the zerc of the azimuth has been chosen
to coincide with the tripod leg (the 1ift leg) about which
the aerial tilts to change its zenith angle, 1In plotting
out the scans in altazimuth co-ordinates [see Fig. 7(b) for
a diagram showing R.A. and Dec. scans] the convention
adopted was to assume that the centre of the plot is the

aerial and that the position of the scan represents the
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source's position relative to the aerial., Thus looking at
the aerial from outside the celestial sphere, it is seen that
if it is at a declination more positive than that of the
source, then the scan's position relative to the aerial will
be on the opposite side to the reference tripod leg,
Similarly, if the aerial is at a right ascension more
positive than the source (i.e. eastwards, or to the right in
the diagram), then the scan will be situated on the left side
of the reference tripod leg. This is shown more clearly in
Fig. 7¢c) for 0"F*hour angle.

In the actual plotting of the scans it is necessary
to take two other things into account, These are the
parallactic angle change and the cos § factor which modi-
fies the right ascension offset, The parallactic angle (p)
is the angle between the equatorial and altazimuth co-
ordinates, and it can be seen from Fig. 7(a) that it varies

according to the hour angle (H,A.) of the source, where:
HeA, = Siderial Time - Right Ascension .

The parallactic angle change must be taken into account
in plotting out the scans, it may change by up to 15° in a
scan, and this causes scans which are parallel in equatorial
co-ordinates to be skewed relative to one another when plotted

in altazimuth co-ordinates,
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The second effect causes declination scans to be
curved, This is best illustrated by an example. Suppose we
have a declination scan from 6 = - 10° to 6§ = - 25° and
that when 6 = 0° the right ascension offset Aa = 4,0° .

then for 6 =-10° H Aa = 4,0 cos §

= 4,0 cos lDO

= 3,94°

and for 6 = --25o Aa

4,0 cos 25O

= 3,73°

so that the right ascension offset has changed during the
scan, due to the change in the declination, Fig. 7(d)
summarizes these effects, the first sketch shows a series of
parallel scans, the second sketch shows them curved due to
the cos 6 effect and the third sketch shows the effect of
both cos § and the change in parallactic angle, with the
result that the scans become spread out in a fan,

When the sun is used as a source, its right ascension
and declination change throughout the day. However, the
average changes are about 2.5' arc/hr. in right ascension
and 0.7' arc/hr, in declination, so that in a scan which took
about 10 minutes of time it was sufficiently accurate to
assume a fixed position for the sun for each scan for the

record reduction.,.
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Results

The diagram in Fig. 9 shows the preliminary contour
diagram of the outer secondary radiation pattern obtained from

sun scans. It is preliminary because correction factors have

not been applied for;

(i) the extended source size of the sun which causes a

smoothing of the pattern, and

(ii) the non-uniform sun brightness temperature distribution.

These were mentioned at the beginning of section 4,
However, some attempt was made to account for the fact that
the sun is not staticnary relative to the sky background by
examining survey records of this background. These were
searched for sources which may cause errors by producing
spurious responses on the records.

The centre region containing the first sidelobes was
measured using Taurus A as a source, and is shown in Fig. 10,
The method of plotting the scans was the same as that used for
the sun scans. At A = 75 cm Taurus A has an angular diameter
of about 3.5' arc (i.e. about one tenth the diametsr of the
sun at this wavelength).

The aerial temperature of Taurus was measured and found
to be about 820°K., This compares with an aerial temperature
of about lSO,OOOOK for the sun. Since Taurus is a very weak

source relative to the sun, the sidelobe intensity will be
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very low (e.g. a sidelobe 20 db down on the main beam would
give an aerial temperature of only 8°K), Thus the receiver
is used with no attenuation before the feed and with the
reference termination immersed in liquid air. The.receiver
output will be linear for these low intensities from the side-
lobes and so a straight line graph was used for the record
calibration,

The main difficulty in using Taurus as a source, as
already mentioned, is that it lies close to the galactic
plane. This causes many of the scans to have baselines which
have a considerable slope.

If Figures 9 and 10 are compared in the regions where
they overlap, it can be seen that they agree in the gencral
form of the contours, except for a very high region along the
direction of the reference tripod leg in Fig., 10, This high
region, which is about 20 db down on the main beam and about
2 % © from the centre of the main beam, seems to be a genuine
anomaly as it appeared on several different scans through
Taurus. It may be due to a small source or it may be due to
some other irregularity in the background due to the galaxy.
The other point to note is that all the intensity levels
on Fig., 10 tend to be two or three db higher than the corres-
ponding levels in Fig. 9. This is probably due to the fact

that Taurus is much more nearly a point source than the sun
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so that little smoothing of the contours occurs. Another
factor is that the general background may be at a slightly
raised intensity due to the galactic plane being so close to
the position of Taurus.

However, it appears from Fig, 10 that the average
level of the first sidelobe is about 20 db down on the main
beam,

In addition, the 3 db beamwidths have been measured
for 2 = 75 cm and X = 21 cm , using Taurus as a source.
In the following table the results are shown compared with
the theoretical values for the Gaussian tapered aperture

distribution of section 2,
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3 db Beamwidths

A= 21 cm A= 75 cm
Experimental 4,7 48,6
Theoretical 13,8' 4g,u?

(Gaussian Tapered

Aperture Distribution)

The agreement between the theory and experiment is
very gcod, even though the theoretical results are based on
scalar diffraction theory.

In the diagram of the secondary pattern (Fig. 9) it
should be noted that the dipole feed polarization was vertical
(i.e. the E plane of the dipole was parallel to the reference
tripod leg - the 1lift leg).

With fegard to the accuracy of the contour levels of
the polar pattern, besides the errors already mentioned, viz.
calibration accuracy and sun temperature variation, another
source of error is due to any irregularities in the baseline
of the scans. The scans were very long (about 12°) and any
variation in the baseline would cause an error in the relative
intensity, which would be greatest, of course, for the low
level intensities. An estimate of the errors in the con=-

tours of the polar diagram is given in the table below:=-
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Nominal Contour Approx. Error due to Calibration and

Level Baseline Uncertainties
db db

-26 + 0,5

~-29 + 0.5

-32 + 0.6

-35 + 0,8

-38 + 1,0

~41 + 1.5

-4l + 2,0

47 + 3.0

Comments

The preliminary polar pattern (Fig. 9) does not show
any clear pattern contours, However, there are six somewhat
marked ridges of high intensity, which do occur approximately
at right angles to the directions of the tripod legs. The
strongest of these appears in a direction at right angles to
the reference or lift tripod leg. It also appears that there
are some secondary ridges of lower intensity which tend to
occur in directions parallel to, and along,the tripod legs.

Even though the pattern is uncorrected, there definitely
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seems to be some correlation with the theoretically predicted
form of the pattern from sections 2 and 3,
The pattern is very broken up and this may be due to

some of the following effects :

(i) The nature of the tripod legs,

(ii) The cross polarization of the feed.

(iii) That a double side-band receiver was used,
(iv) Surface errors in the reflector.

(v) Small er:ors in intensity levels.

The errors in the intensity levels (v) have already
been estimated, With regard to surface errors, for
A =75 cm , the R.M.S, surface error is approximately 3 to
4 mm, so that errors due to this shcould be negligible,

The main modifications of the polar pattern would
probably be caused by the first three items above., It was
mentioned in section 2 that the tripod legs, which consist
of a steel lattice, do not act as a simple absorber, but
would scatter and re-radiate energy falling cn them in a
complicated manner as well as absorbing radiation,

The cross polarization of the feed, which was a
double dipole in this case, would produce high sidelobes in
directions at 45° to the polarization of the dipole [9],[101.

The feed polarization was parallel to the reference or 1lift
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tripod leg. The cross-polarization lobes have their main
effect in the first sidelobe region, so that only secondary
effects should contribute to the part of the polar pattern
shown in Fig. 9.

An effect which increases with increasing sidelobe
number (i.e. for increasing 6 ) is that due to the use of a
double side-band receiver, The receiver which operates at
408 Mz has two side-bands separated by 20 MHz, This re-
presents a diffarence in wavelength of 1/2 % between the two
side-bands. In the scalar diffraction theory the position
of the sidelobes is given as a function of u , where
u = %2 sin ¢ + Thus for the same value of 6 there will be
two values of u differing by 1/2 % so that the resultant
pattern will consist of the addition of the intensities of
two radiation patterns shifted by 1/2 % relative to one
another, This would cause little effect in the main beam or
near in sidelobes, but it would tend to modify the far out
sidelobes causing the minima to be filled in and the maxima
to be reduced. This would cause a smoothing of the pattern
for the far out sidelobes. Because the signals are noise
the resultant output from the two side-bands will be the sum

of the two powers from the individual side-bands.
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To get some idea of the quantitative effect of the
overlapping of the two patterns, the angle 6 where a
minimum of one pattern coincides with a maximum of the other
pattern will be estimated for a uniformly illuminated aperture.
The expression for the radiation pattern intensity is (from

eq. 9(a)) :-

J,(u) 2

TR,

I(u) = [27c

The positions of the minima are given by the zeros of
Jl(u) . The approximate spacing between adjacent minima does
not vary greatly as u increases and is about Au = 3,0.
For a maximum of one pattern to overlap a minimum of the
other pattern the difference in the two values of u (corres-
ponding to the two different A's of the sidebands) must be
approximately 1l.5. Since the two values of u differ by
1/2 % , the position where this will occur is u = 300 (i.e.
1/2 % of 300 = 1.5).

Now

D

u=T51ne .

However, the maximum value of u 1is limited by the
diameter of the aperture and the wavelength. For A = 75 cm

the maximum value of u is (8 = 90°) ;-



T D T G

L2

_ mD
Ynax = %

- T X 210x30,54
79

{14

269 .

Thus the two patterns never quite have a maxima and minima

coinciding for this wavelength.
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